To examine the association between malaria and HIV prevalence in East sub-Saharan Africa. Conclusion This is the first study to report malaria as a risk factor of concurrent HIV infection at the population level. According to our results, individuals who live in areas with high P. falciparum parasite rate have about twice the risk of being HIV positive compared with individuals who live in areas with low P. falciparum parasite rate. Our work emphasizes the need for field studies focused on quantifying the interaction among parasitic infections and risk of HIV infection, and studies to explore the impact of control interventions. Programmes focused on reducing malaria transmission will be important to address, especially in HIV-infected individuals.
Introduction
The heterosexual transmission of HIV is characterized by a low transmission rate, estimated to be 1/300 per coital act in low-income countries. 1, 2 Despite this low probability of transmission per sexual contact, some studies have demonstrated that the risk of HIV transmission can be strongly correlated with variations in blood viral burden. [3] [4] [5] The viral set point is not constant and may be perturbed by reactivations of the immune system such as those resulting from the invasion of other pathogens. genital ulcerations caused by herpes simplex virus type 2 (HSV-2). 6 The ulcers caused by HSV-2 contain substantial numbers of CD4 þ lymphocytes, the target cell for HIV, and therefore are likely to facilitate the acquisition of HIV in HIV-negative individuals. 7 Additionally, the high levels of HIV RNA in herpetic lesions from dually infected patients 8 may be explained by studies in vitro demonstrating that HSV-2 increases HIV transcription, which supports the higher infectivity in co-infected individuals.
The activation of the immune system, however, is not only produced by STIs such as HSV-2, syphilis and gonorrhea; parasitic infections such as malaria might produce a strong response from the immune system and consequently generate similar effects on the replication of the virus in HIV co-infected individuals. 6, [9] [10] [11] [12] The geographical overlap observed between malaria and HIV infections has suggested a possible interaction influencing HIV transmission in some countries of sub-Saharan Africa. Malaria occurs throughout the tropical world, where it remains one of the most prevalent infectious diseases with an estimated 300 million cases per year. 13 Approximately 90% of these cases occur in sub-Saharan Africa.
14 This region has also experienced the greatest burden of HIV-1 infection, with an estimated 25 million infected individuals over the past two decades. 15 The geographical overlap of these diseases has sparked much interest in their potential interactions. [16] [17] [18] Several in vitro studies have found that malaria antigens significantly enhanced HIV-1 replication. [9] [10] [11] 19 A population-based study conducted with HIV-1-infected adults in rural Malawi indicated that the HIV-1 RNA concentration almost doubled between baseline (96 215 copies per ml) and those co-infected with malaria (168 901 copies per ml). This transient increment on the viral load is estimated to last between 5 and 8 weeks (depending on the rate of the parasite clearance), but after the co-infected parasite is cleared from the body, the viral load returns to the original viral set-point 10 (the quasi-steady viral load during the asymptomatic period of HIV-1 infection).
Researchers estimated that, on average, malaria generates a 0.25 [95% confidence interval (CI) 0.11-0.39] log increment on the mean HIV RNA concentration. 10 Abu-Raddad et al.
20 generated a mathematical model to examine the impact of this increment on the HIV epidemic in Kisumu, Kenya. Using the functional relationship between HIV plasma viral load and transmission probability per coital act, in which a logarithmic increase in viral load is associated with a 2.45-fold increase in transmission probability, 21 they demonstrated that the enhancement on the HIV infectivity of co-infected individuals may account for a cumulative 8500 excess HIV infections in Kisumu district.
Despite the evidence about the relationship between malaria and HIV in vitro and in silico, the causes and implications of this co-infection at the population level are still unclear. One important limitation is the inaccurate documentation of geographical overlap between the two infections in sub-Saharan Africa. Visual analysis of the spatial distribution of each infection may be misleading in the absence of adequate statistical adjustment. Moreover, assessing the impact of the co-infection is impeded by the scarcity of data on co-infection prevalence and consequences in the transmission of HIV infection.
In this study, we measure the association between malaria and HIV prevalence. To achieve this goal we combined current comprehensive databases for these two infections, namely the Demographic and Health Surveys (DHS) for HIV and the atlas malaria project for malaria, by using Geographical Information Systems tools in a representative area of East sub-Saharan Africa. Our hypothesis was that individuals in locations with high prevalence of the vector that transmits malaria, namely the Plasmodium falciparum parasite, which is the species responsible for most of the 95% of the malaria cases in the region studied, [22] [23] [24] have increased likelihood of being infected with HIV.
Methods

Data
Data were extracted from DHS for 2003 in Kenya (KDHS) 25 and Malawi (MDHS), 26 and for 2003-04 in Tanzania (THIS), 27 to cover the population residing in households in these countries. These countries exemplify the HIV epidemic in East sub-Saharan Africa because they present similar HIV epidemic levels and risk factors for HIV infection as the other East sub-Saharan countries, [28] [29] [30] [31] and the malaria prevalence in the region covered by these three countries is heterogeneous for comparisons. 32 A representative probability sample of almost 10 000 households was selected from the KDHS, 13 664 from the MDHS and 6900 from the THIS survey.
All DHS were based on two-stage sampling of the households. The first stage involved selecting sample points (clusters): 400 clusters in Kenya (129 in urban and 271 in rural areas), 522 clusters in Malawi (64 in urban and 458 in rural areas) and 345 clusters in Tanzania (87 in urban and 258 in rural areas). The global positioning system was used to establish and record the geographical coordinates of each of the DHS clusters. 27 Adult men (aged 15-59 years) and women (aged 15-49 years) in the selected household were eligible for the survey, with a response rate of 86 and 96% for men and women in Kenya 25 and Malawi, 33 respectively, and 91 and 96% for men and women in Tanzania, respectively. 27 In all households selected, anonymous HIV testing was performed with the consent of all eligible men and women. We restricted the analysis to only sexually active people and after combining all three DHS and excluding missing data, the final sample population for data analysis consisted of 8919 men and 10 816 women. We used the dichotomous HIV serostatus for each individual as the response outcome. 27 The HIV serostatus was identified by collecting drops of blood from each individual for HIV testing with the Vironostika Uniform 2 Ag/AB kit. All samples that tested positive and a random sample of 10% of samples that tested negative on the first enzyme-linked immunosorbent assay (ELISA) test were tested with a second ELISA, the Vironostika Uniform 2 plus O. A confirmatory INOLIA HIV western blot kit was done for all samples that were still discrepant. 25, 27, 33 Socioeconomic and demographic covariates To adjust for socioeconomic and demographic factors, we conducted preliminary univariate analyses with a total of 14 socioeconomic and demographic covariates extracted from the DHS of each country. The covariates included age, place of residence (urban or rural), highest educational level, main floor material of the house, main roof material of the house, main wall material of the house, religion, current marital status, ever been tested for AIDS, wealth index, number of sex partners, age at first intercourse, responder has a bednet for sleeping and responder sleeps under bednet. Covariates with a P < 0.2 in univariate analysis were included in the final model, which included age, urban or rural residence, education, wealth index, marital status and religion. These covariates have also been identified from previous studies conducted in Tanzania and Kenya as the most relevant covariates for the risk of HIV infection in these countries. 28, 29 Education level was evaluated as a categorical variable with four levels: no education, primary education, secondary education and higher education. Wealth index is an ordinal variable that characterizes standard of living as determined by material possessions. The DHS calculated the living standard of a household based on key assets such as television and bicycles, materials used for housing construction and types of water access and sanitation facilities. The data were analysed and weighted by principal component analysis. The resulting asset scores were then used to define wealth quintiles: poorest, poorer, middle, richer and richest. Marital status has been found in many studies as an important risk factor for being HIV infected. [34] [35] [36] In this study, marital status was represented by three categories: never married, currently married and formerly married. Religion was also included for its potential confounding effects and was composed of four categories: Moslem, Catholic, Protestant or other Christian and other religions.
Biological covariates
Previous studies have found that reporting any STIs during the 12 months previous to the interview was not correlated with being HIV positive. 28, 29 For that reason, and with the aim to control for potential confounding by STIs, we included the reported presence of genital ulcerations during the last 12 months previous to the interview. Male circumcision is a well-known risk factor for being HIV positive. [37] [38] [39] Males with a lack of circumcision have nearly twice the risk of being HIV positive than circumcised males. For the risk analysis performed for males, we included male circumcision as a co-variable.
Malaria covariate
We used the largest and most contemporary spatial database for P. falciparum parasite rate (PfPR). 32, 40 This database contains nearly 9000 distinct community surveys across 78 malaria-endemic countries. To create a continuous surface of malaria endemicity, previous research produced a model-based geostatistical procedure in a Bayesian framework to incorporate factors such as the spatial density and location of the data, and the number of people sampled in each survey. 41 Geostatistical algorithms generate a continuous map by imputing values at unsampled locations by using a weighted linear combination of the available (neighbouring) sample data. One of the most important characteristics of this database is age standardization for malaria prevalence (the PfPR reported by the atlas malaria project is age standardized to 2-10 years old), which provides a valid estimate of the transmission intensity. 32 Further details on the malaria data and statistical procedures for mapping it have been described elsewhere. 32 To display and extract the PfPR from each DHS cluster we used the program ArcGIS version 9.2. 42 From each geo-referenced cluster we obtained the PfPR, the value of which was assigned to each individual who belonged to that cluster.
Statistical analysis
We generated unadjusted models for each covariate using a simple logistic regression model. To generate the final adjusted analysis, which included all covariates and accounted for correlated data, generalized linear mixed models stratified by gender (in order to include circumcision as a covariate for men) were then fitted with the cluster as a normally distributed random effect. We included PfPR as a continuous variable. In a second analysis, we categorized PfPR by its empirical quartiles. All statistical analyses were conducted using R version 2.11.1. 43 Adjusted probability ratio (PR) parameters were used to compare regions with varying degrees of PfPR, separately for men and women. 44 To calculate PRs, we dichotomized PfPR using its first quartile to define low malaria prevalence. Areas with PfPR higher than the first quartile were defined to have high malaria prevalence. (Table 1) . Areas where the PfPR is 40% or more are identified as areas with high stable transmission, where theory predicts that mixed control interventions need to be considered for the interruption of malaria transmission. 45 Hay et al. 32 estimated that in Africa these areas cover 8.5 million km 2 , which contains 345.28 million people at risk.
Results
Overall malaria and HIV prevalence
Individuals (males and females) with higher education and with higher wealth index were primarily distributed in (mainly urban) areas with low PfPR (PfPR 4 10%), whereas individuals with lower education level and lower wealth index (poorest, poorer) were mainly in rural areas with high PfPR (PfPR442%; Table 2 ).
In areas with low malaria prevalence (PfPR < 0.10), the HIV prevalence was 5.11% for males and 8.27% for females, whereas in areas with high malaria prevalence (PfPR40.42), the HIV prevalence was 7.67% for males and 10.73% for females (Table 1) .
Malaria
With PfPR modelled as a continuous variable, the unadjusted analysis indicated that PfPR was a risk factor for HIV infection in both men (P < 0.001) and women (P ¼ 0.013). After adjusting for measured socioeconomic and biological characteristics, the PfPR remained as a risk factor of being infected with HIV in both men and women (P < 0.001 for both). After categorizing the PfPR we observed that malaria is positively and monotonically related to HIV infection (Tables 3 and 4 To perform the probability ratio estimation we created a dichotomous variable for malaria prevalence where low PfPR indicates low risk of being infected with malaria (for individuals who live in areas with a PfPR 4 0.10) and high PfPR indicates high risk of being infected with malaria (for individuals who live in areas with PfPR40.10). The calculated probability (Table 3) , and 4.20 (95% CI 3.09-5.71) for women ( Table 4) . As expected, 28, 29 unadjusted models indicated that men and women living in rural areas had lower odds of being HIV infected than those living in urban areas, with an estimated OR of 0.52 (95% CI 0.45-0.62) for men and an estimated OR of 0.57 (95% CI 0.5-0.66) for women. In the adjusted analysis, the estimated effect remained similar with odds ratio 0.54 (95% CI 0.41-0.70) for men and 0.59 (95% CI 0.46-0.77) for women. In the unadjusted model (Table 4) , women with a secondary educational level 
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1054 (24) 1285 (30) 941 (22) 1023 (24) 20-24 926 (24) 1049 (27) 895 (23) 984 (26) 25-29 785 (23) 876 (26) 809 (24) 952 (27) 30-34 665 (24) 733 (26) 634 (23) 748 (27) 35-39 521 (25) 590 (27) 480 (23) 535 (25) 40-49 678 (23) 790 (27) 665 (22) 840 (28) 50-59 96 (35) 56 (20) 62 (22) 63 (23) Religion Moslem 1130 (25) 1253 (27) 548 (12) 1675 (36) Catholic 1162 (22) 1510 (27) 1626 (29) 1230 (22) Protestant/other Christian 2240 (31) 2123 (29) 1577 (22) 1342 (18) Other 193 (8) 493 (21) 735 (32) 898 (39) Place of residence Urban 2202 (47) 1172 (25) 803 (17) 516 (11) Rural 2523 (17) 4207 (28) 3683 (24) 4629 (31)
Marital status
Never married 1784 (30) 1767 (30) 1159 (20) 1181 (20) Currently married 2558 (21) 3167 (26) 2971 (24) 3487 (29) Formerly married 383 (23) 445 (27) 356 (21) 477 (29) Highest educational level None 543 (16) 901 (27) 798 (24) 1093 (33) Primary school 2865 (22) 3659 (27) 3103 (24) 3570 (27) Secondary 1008 (36) 744 (27) 549 (20) 458 (17) Higher 309 (70) 75 (17) 36 (8) 24 (5) Wealth index Poorest 521 (15) 1193 (33) 771 (22) 1089 (30) Poorer 491 (13) 1005 (26) 979 (25) 1447 (36) Middle 608 (16) 1120 (28) 1058 (27) 1136 (29) Richer 1037 (26) 983 (25) 1033 (26) 937 (23) Richest 2068 (48) 1078 (25) 645 (15) 536 (12) 
Biological characteristics
In unadjusted models, the estimated OR of having HIV was 2.59 (95% CI 1.76-3.8) for males who had genital ulcerations during the last 12 months (Table 3) . For women the odds were considerably higher than for males (estimated OR 3.21, 95% CI 2.94-4.05). This difference was maintained in the adjusted model with 1.99 (95% CI 1.30-3.03) for men and 2.79 (95% CI 2.07-3.76) for women. These results are consistent with previous studies, which have found that the presence of an STI increases the risk of being HIV positive. 34, [46] [47] [48] [49] Lack of male circumcision has been proposed as one of the most important biological risk factors of being HIV positive in men. 30, [37] [38] [39] 50 In our analysis, the adjusted models indicated that circumcised males had slightly more than half the risk of those who were not circumcised to be HIV positive (estimated OR 0.62, 95% CI 0.50-0.79).
Discussion
The substantial evidence that STIs, HSV-2 in particular, enhanced the transmission and acquisition of HIV infection contrasts with the scarce information about the cofactor effect of malaria on HIV at the population level. Like HSV-2, malaria contributes to transient viral load increases in co-infected individuals. 9, 10, 19 Due to the methodological difficulties in designing cross-sectional or prospective studies for measuring the significance of malaria on the risk of HIV infection, however, the effect of malaria on the spread of HIV in the population is virtually unknown. This is the first study to report malaria as a risk factor for concurrent HIV infection at the population level. After adjusting for important socioeconomic and biological covariates, we found that the PfPR of the area of residence is positively and monotonically correlated with HIV prevalence (Tables 3 and 4 The probability ratio attributable to PfPR indicated that malaria may account for 27% of incidental HIV infections in areas with a PfPR higher than 0.1. This value is similar to the value reported previously by D Cuadros et al. (submitted for publication) , who by computer simulations estimated that malaria may account for420% of new HIV infections in Malawi in 2003. The probability ratio due to malaria resembles the population attributable fraction associated with HSV-2, estimated by epidemiological and mathematical models. 48, 51, 52 This similarity may be due to the high prevalence of both infections in the general population.
Some studies have shown that curable STIs such as gonorrhea, syphilis or chlamydia have had the biggest impact on HIV transmission at early stages of the HIV epidemic. 52, 53 These infections generally are present in high-risk groups such as prostitutes or individuals with a high number of sexual partners. 51, 53 The effect of curable STIs on HIV has decreased as the HIV epidemic has moved from the core group to the general population. Prevalent infections, such as HSV-2, in the general population may then play the most important role driving the HIV prevalence in populations with a mature HIV epidemic (D Cuadros et al., submitted for publication). 51, 53 Although malaria infection has a non-sexual mechanism of transmission, its high prevalence in the general population and its ability to generate an immune activation associated with increases in systemic HIV viral load suggest that malaria may have a similar role to HSV-2 in mature HIV epidemics.
Although our work makes use of the most complete and contemporary databases for both HIV and malaria, our results were based on geographical estimates for PfPR in locations where demographic and health surveys were made. Despite the use of this indirect measure of the possible synergistic interaction between malaria and HIV at the population level, our results suggest that malaria is likely to be a frequent co-infection in HIV-infected individuals living in those areas with high malaria prevalence. Hence, we emphasize that malaria might be playing an important role in the present HIV epidemic of these areas. The scenario could be more complicated if we take into account infections such as chronic helminth infections and waterborne pathogens that, like malaria, are associated with similar immune activation by inducing viral replication 54, 55 and could also be affecting the HIV transmission risk and the natural history of HIV in sub-Saharan Africa.
Our work emphasizes the need for field studies on the interaction among parasitic infections and the risk of HIV infection and on the impact of control interventions. Thus, it would be important to obtain data on individuals who are known to be dually infected with malaria and HIV. Reducing malaria transmission becomes even more important to address in the context of HIV. With the high numbers of cases of HIV and malaria, even small decreases in malaria prevalence could have an important impact on the relative risk of HIV infection in areas with high malaria prevalence.
